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1. Introduction 10 
Surfactants are amphiphilic molecules having a hydrophobic tail and a hydrophilic head [1,2]. They 11 
are widely used in many industrial processes, because their adsorption on the solid-liquid interface of 12 
colloidal particles modifies the interfacial properties such as surface charging and wetting phenomena 13 
[1-7]. Such modifications affect surface interactions, and thus colloid stability and rheological behaviors 14 
of colloidal dispersions are controlled by the addition of surfactants. Therefore, detailed studies on 15 
surfactant adsorption, resulting change in surface charge, and colloid stability were carried out [6-14].    16 
The addition of ionic-surfactants into a suspension containing oppositely charged particles causes 17 
changes in zeta potential and aggregation-dispersion of the particles [6-11]. In general, as the adsorbed 18 
amount of ionic surfactants to oppositely charged particles increases, the magnitude of zeta potential of 19 
the particle decreases and reaches zero at the isoelectric point, and the sign of zeta potential reverses [6-20 
11]. The length of hydrophobic chain of surfactants is one of the key factors for determining the 21 
isoelectric point. The required surfactant concentration leading to the isoelectric point decreases with 22 
increasing the chain length [5-9]. Simple theoretical models were proposed to describe the dependence 23 
of isoelectric points on the chain length of surfactants [5, 7]. From the analysis, it is suggested that the 24 
chemical/hydrophobic energy of adsorption per a carbon atom is close to the hydrophobic energy 25 
obtained from the analysis of critical micelle concentration [1, 5, 6]. However, theoretical models have 26 
not yet been sufficiently examined for the description of the zeta potential and stability ratio as a function 27 
of the concentration of surfactant.   28 
Colloidal particles are destabilized by the addition of optimum dosage of oppositely charged 29 
surfactants [4, 6-11]. The range of the optimum aggregation concentration is around the isoelectric point, 30 
meaning that the colloid is destabilized by charge neutralization. Most of the studies on surfactant-31 
induced aggregation were carried out by simple aggregation-sedimentation experiments. On the one 32 
hand, measurements of stability ratio W, which is the relative rate of aggregation, of well-characterized 33 
particles with ionic-surfactants are scarce [6-8,10]. It is difficult from the aggregation-sedimentation 34 
experiment to unveil the existence of additional inter-particle interaction such as steric repulsion and 35 
charge-patch attraction, which are found from the stability ratio in the presence of polymers [8, 15-18]. 36 
As for the surfactant-induced aggregation, Liang and Morgan [6] showed the stability ratio of positively 37 
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charged hematite as a function of the concentration of fatty acids. Their data demonstrated that the 38 
minimum value of stability ratio increases with increasing the chain length of fatty acids, implying the 39 
development of steric repulsion by the surfactants with longer hydrophobic chain [8]. On the one hand, 40 
the values of the minimum stability ratio of positively charged AgI particles with sodium alkyl sulfates 41 
were almost unity irrespective of the chain length [7], indicating that there is neither additional attraction 42 
nor repulsion at the optimum aggregation concentration. Leong et al. [12] claimed the appearance of 43 
additional hydrophobic attraction from the measurement of shear yield stress of concentrated ZrO2 44 
suspension with surfactants. Sakamato et al. [14] suggested that the origin of hydrophobic attraction is 45 
due to the bridge formed by microscopic bubbles. These previous studies reported different effects of 46 
ionic-surfactants on the surface interactions and the behavior of colloidal suspensions.  47 
While the minimum stability ratio W of hematite around isoelectric point increased with increasing 48 
the chain length of fatty acids and became larger than unity (W > 1) [6], the minimum stability ratio of 49 
positively charged AgI particles with sodium alkyl sulfates were almost unity (W=1) irrespective of the 50 
chain length [7]. These two results are different in terms of the dependence of the minimum stability 51 
ratio reflecting the existence of steric repulsion on the chain length, and one may explain that this 52 
inconsistency is because they used different particles and surfactants. In addition, the detailed 53 
comparison of theoretical model with experimental stability ratio has not yet fully been carried out for 54 
the ionic-surfactant-induced aggregation. To better understand the surfactant-induced aggregation, we 55 
need systematic measurements and analysis of stability ratios that examine the effect of type of 56 
oppositely charged surfactants on the stability ratio by using an identical colloidal suspension. By such 57 
systematic experiments with theoretical analysis, we can unveil the role of ionic surfactant on the 58 
aggregation–dispersion of oppositely charged particles in detail.  59 
In this context, our goal was set to clarify the effect of both fatty acids and sodium alkyl sulfates on 60 
the stability ratio and electrophoresis of hematite particles, which were chosen since the minimum 61 
stability ratio larger than unity was reported for hematite with fatty acids [6].  Measured data were 62 
analyzed using theoretical models. From the comparison of the experiment and theory for the stability 63 
ratio and electrophoretic mobility, possible mechanisms are delineated.  64 
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 65 
2. Experiments 66 
2.1. Materials 67 
We used hematite particles, which were obtained from Chemirite Kogyo Industry, Japan. The 68 
hematite particles have 141±35 nm in a number averaged dimeter 2a determined from transmission 69 
electron microscopy (Fig. 1) and the specific surface area of 26.3 m2/g from N2-BET measurement. The 70 
density of hematite particles is 5.24 g/cm3 [19]. The hematite particles were purified as follows: the 71 
particles were dispersed in 1 M NaCl with pH 4, then after sedimentation and decantation, the solution 72 
condition of hematite suspension was adjusted to 1 M NaCl with pH 10. These procedures were 73 
performed for the saturation of surface with Na+ and Cl- ions and for washing by acid and base. Finally, 74 
the suspension was extensively dialyzed in a Visking tube against pure water to remove excess ions. 75 
The purified hematite particles were freeze-dried and stored in a polystyrene vial. In the following 76 
experiment, hematite suspension was prepared by dispersing the dried powder in pure water. The 77 
prepared suspensions were used within two weeks after preparation to avoid the change of surface 78 
properties after the contact with water. Intensity-weighted average hydrodynamic diameters dh of 79 
hematite are around 170 nm. The size is close to the corresponding size from TEM, dh,TEM = <d6>/<d5> 80 
=174 nm, where d is the diameter from TEM and <…> stands for averaging. 81 
Six anionic surfactants with different lengths of hydrophobic chain and different charged groups 82 
were used as received. Three of these were sodium alkyl sulfates: sodium dodecyl sulfate with 12 C 83 
atoms (Wako Pure Chemical Industries) referred as SDS, sodium decyl sulfate with 10 C atoms (Wako 84 
Pure Chemical Industries) referred as SDeS, and sodium octyl sulfate with 8 C atoms (Kanto Chemical) 85 
referred as SOS. The others were fatty acids from Sigma-Aldrich, sodium dodecanoate with 12 C atoms 86 
referred as C12, sodium decanoate with 10 C atoms referred as C10, and sodium octanoate with 8 C 87 
atoms referred as C8. Ionic strength and pH were adjusted by the addition of NaCl (Wako Pure Chemical 88 
Industries), HCl and NaOH (Wako Pure Chemical Industries). Pure water from Elix Advantage 5 89 
(Millipore) was used for the preparation of all the solutions and suspensions in this work. 90 
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  91 
2.2. Electrophoretic mobility 92 
Electrophoretic mobility of hematite particles was measured as a function of the surfactant dosage. 93 
Samples were prepared by mixing appropriate volumes of hematite suspension, water, surfactant 94 
solution, NaCl and HCl solutions. The total volume of the sample was set 10 mL. Most of experiments 95 
were carried out at the particle concentration of 25 mg/L, 10 mM NaCl, and pH 4. A portion of the 96 
prepared sample was injected into a capillary cell, and then the cell was placed in Zeta Sizer Nano ZS 97 
(Malvern). With the Zeta Sizer, we measured the electrophoretic mobility of hematite particles at 20℃. 98 
The pH of the rest of the sample was measured with a combination electrode (6.0234.100, Metrohm).  99 
 100 
2.3. Stability ratio 101 
The stability ratio of hematite suspension was obtained at 20℃ from the temporal variation in 102 
turbidity due to aggregation. The suspension of hematite with a volume of 2 mL was prepared in a 103 
polystyrene disposable cuvette by mixing appropriate volumes of the stock hematite suspension, water, 104 
NaCl solution, HCl solution, and surfactant solution using pipettes. The prepared suspension was shaken 105 
and immediately put in a spectrophotometer (U-1800, Hitachi). Then, the temporal change in the 106 
absorbance, which is proportional to turbidity, at the wavelength of light of 450 nm was recorded. 107 
Turbidity measurements were mostly carried out at the particle concentration of 25 mg/L, 10 mM NaCl, 108 
and pH 4. Before use, all the cuvettes were cleaned by the sequential soak of the cuvettes in 0.1 M NaOH, 109 
0.1 M HCl, and pure water for over two hours, respectively. Then, after rinsing the cuvettes with pure 110 
water, they were air-dried and stored in a covered container to avoid dust.  111 
In the early stage of aggregation, the initial slope of temporal change in turbidity (d/dt)0 is related 112 
to the aggregation rate coefficient k11 [20,21] 113 
2
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where k11=B8kBT/(3) for Brownian aggregation with B the capture efficiency of Brownian 115 
aggregation, kB is the Boltzmann constant, T is absolute temperature,  is the viscosity of the solution,  116 
0 is the initial turbidity, n0 is the number concentration of particles, C1 and C2 are the extinction cross 117 
sections of a singlet and a doublet. In a simple electrolyte solution, the rate of aggregation increases with 118 
increasing the electrolyte concentration, and the rate reaches a plateau at a so-called critical coagulation 119 
concentration, CCC. The regime at the concentration above CCC is called a fast aggregation regime, 120 
where the fastest rate k11f and (d/dt)0 f is obtained. With the fastest rate, the stability ratio W is defined 121 
as [8,22]  122 
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 124 
with Eq. (1). In this study, the CCC was 30 mM in NaCl at pH 4 and the fastest slopes were obtained 125 
from the data taken within the aggregation-half time, 2/(n0k11f) with B~0.5 [19,23] ~120 s. All the 126 
stability ratios in this paper are given using Eq. (2) with an average value of (d/dt)0 f obtained at NaCl 127 
concentrations above 30 mM . Therefore, W=1 means that the aggregation rate is the same as the fastest 128 
rate induced by simple salt, W > 1 corresponds to the situation where repulsive forces reduce the 129 
aggregation rate, and W < 1 indicates the existence of additional attractive force.  Liang and Morgan [6] 130 
showed that the minimum W of hematite, which was found around the isoelectric point, increased with 131 
increasing the chain length of fatty acids and became W > 1; their results implied the development of 132 
steric repulsion around the isoelectric point. On the one hand, values of the minimum W of positively 133 
charged AgI particles with sodium alkyl sulfates were almost unity irrespective of the chain length [7]. 134 
These two results do not agree, and one possible reason of this inconsistency is because they used 135 
different particles and surfactants. However, systematic measurements clarifying the effect of oppositely 136 
charged surfactants on the stability ratio of colloidal particle are lacking. In this context, we decided to 137 
examine the effect of fatty acids and sodium alkyl sulfates on the stability ratio of positively charged 138 
hematite.  139 
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3. Theory and Modeling  140 
3.1. Simple surfactant adsorption model 141 
Let us consider the adsorption of monovalent anionic surfactants onto positively charged surfaces 142 
using the concept of Stern-Gouy-Chapman double layer [3,5]. The adsorption amount of anionic 143 
surfactants in the Stern layer S is given by 144 
2 exp dS S S
B
e
r C
k T
 

  
  
 
     (3) 145 
N          (4) 146 
where rS is the radius of adsorbed ion, CS is the bulk concentration of surfactants, d is diffuse layer 147 
potential,  is the chemical/intrinsic adsorption energy per a surfactant, N is the number of carbons in 148 
a surfactant,   is the chemical/intrinsic adsorption energy per a carbon atom. Equation (3) considers 149 
that the surfactant adsorption is induced by both charged head ed and hydrophobic tail N  . The 150 
charge density of the Stern layer S  is thus 151 
  S A SeN           (5) 152 
where e is the elementary charge and NA is the Avogadro number. The diffuse layer charge d  in an 153 
1:1 electrolyte solution with a concentration of n is given by the Graham equation [1,5,19] 154 
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based on the Gouy-Chapman theory, where r is the relative permittivity and 0 is the dielectric constant 157 
of vacuum. Values of a  are ~7, ~23, and ~70 for 1, 10, and 100 mM NaCl in this study. Electro-158 
neutrality including surface charge density 0 is expressed by 159 
  0d S     .       (8) 160 
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In the present study, we use rS ~ 0.2 nm, because it is comparable to the hydrodynamic sizes of sulfate 161 
and acetate ions and the radius of alkane [1, 24]. From Eqs. (3)-(8) with assumed values of , we can 162 
evaluate the diffuse layer potential d as a function of the concentration of surfactant with N carbon 163 
atoms. With the assumption that the diffuse layer potential is the same as the zeta potential , one can 164 
calculate the electrophoretic mobility m by using appropriate electrokinetic theories as described in the 165 
next section. The diffuse layer potential is also used when computing stability ratios based on the 166 
Derjaguin, Landau, Verwey, Overbeek (DLVO) theory [1, 19, 22, 25] described below. 167 
168 
3.2. Electrophoretic mobility including double layer relaxation 169 
We use the Ohshima equation evaluating the electrophoretic mobility of a sphere with a radius 170 
of a in an 1:1 electrolyte solution [26]. The Ohshima equation for electrophoretic mobilitym in an 1:1 171 
symmetrical electrolyte solution such as NaCl is given by 172 
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In the above equations, the function sgn(x) is 1 when x  >0 or -1 when x<0 , m and m  are the scaled 183 
drag coefficients of counter ions and coions, respectively, 0i the limiting conductance of ith ion specie. 184 
The Ohshima equation is available when a10, and the equation successfully describes the mobility 185 
of latex particles [27, 28]. This condition is satisfied for our hematite particles in 10 mM NaCl. We also 186 
assume  = d. 187 
 188 
3.3. Stability ratio with DLVO theory 189 
Stability ratio W with the DLVO interaction potential between identical spheres with a radius of a 190 
and a diffuse layer potential d in an 1:1 electrolyte solution, whose concentration is n, is expressed as 191 
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where h is the separation distance between particles’ surfaces and B(h) takes account of the 194 
hydrodynamic interaction [22, 29]. Electric double layer potential VR and van der Waals’ potential VA 195 
are given by [1, 22] 196 
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where A is the Hamaker constant, and we use
206 10A   J for hematite in water [19]. 200 
Recently, Ohshima [22] proposed an analytical approximate expression of the stability ratio W given 201 
by Eq. (18) as follows:  202 
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where E1(x) is 1st order exponential integral and K0(x) is the modified Bessel function of the second kind 207 
of order 0. In this study, we computed stability ratios by using Eq. (23) with diffuse layer potentials 208 
calculated by the method described above.  209 
11 
 
4. Results and Discussion  210 
4.1. Aggregation and charging of bare hematite   211 
Figure 2 shows the electrophoretic mobility of hematite particles as a function of pH measured 212 
in NaCl solution without surfactants. The value of mobility is positive at pH below 7 and is negative at 213 
higher pH. The isoelectric point is around pH 7. The isoelectric point of the hematite used in the present 214 
work is in the range of reported values, pH 7-9 [19, 30]. In this study, we focused on the effect of anionic 215 
surfactants onto positively charged hematite. Therefore, the relationship between stability ratios and 216 
NaCl concentrations was measured at lower pH. Figure 3 shows the stability ratio of hematite against 217 
the NaCl concentration at pH 4, 5, and 6. The stability ratio decreases with increasing NaCl 218 
concentration and reaches unity at a critical concentration, CCC. The stability ratios at different pH are 219 
kept unity at higher NaCl concentrations, while Penners and Koopal [31] reported the dependence of 220 
the fast aggregation rate on pH. Our stability ratio shows typical behaviors expected from the DLVO 221 
theory [8]. That is, we confirm that our hematite particles behave normally, while some colloids behave 222 
anomaly [25, 32]. From Fig. 3, the CCC can be determined around 30 mM, which is close to previously 223 
published values [19, 31].  224 
 225 
4.2. Electrophoretic mobility in the presence of anionic surfactants 226 
Experimental and theoretical values of electrophoretic mobility are plotted against the surfactant 227 
dosage in Fig. 4 (a), in which the symbols are experimental data and the lines are theoretically calculated. 228 
The mobility was insensitive to the concentration of hematite, indicating the reversibility of the 229 
adsorption (Fig. S1 in Supplementary). Figure 4 (a) shows that the hematite particles are positively 230 
charged at low surfactant dosage and low pH. With increasing the added amount of surfactants, the 231 
mobility decreases, goes through zero, and reverses; charge reversals occur due to the adsorption of 232 
oppositely charged surfactants. These trends are seen at 1 and 100 mM and at pH 5 and 6 (Figs. S2 and 233 
S3 in Supplementary). The isoelectric point, which is the surfactant concentration where the mobility is 234 
zero, shifts to lower concentrations as the number of carbon atoms increases. Similar trends were found 235 
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in previous researches [5-7, 9]. The shift of the isoelectric point means that surfactants with longer 236 
hydrocarbon chains are effectively adsorbed on the hematite-water interface; hydrophobic chains of 237 
surfactant are apt to escape from water, hydrophobic effect, and to be adsorbed on the interface. This 238 
tendency of surfactant escaping from water is significant for the surfactant with longer chains as 239 
expected from Eq. (4) and the data of critical micelle concentration, CMC; CMC usually increases with 240 
decreasing the length of chain [1,14].  This study used surfactants with two different charged head 241 
groups; sodium alkyl sulfates, SAS, are strong electrolytes, and fatty acids are weak electrolytes and are 242 
partly uncharged in bulk solution at lower pH. Nevertheless, the type of charged groups does not 243 
significantly affect mobility data at the same number of carbon atoms, while we see the difference in 244 
isoelectric point for SDeS and C10. We consider that this is due to charge adjustment [33-36]. That is, 245 
pH-dependent charging groups such as oxides and COOH of fatty acids are protonated/deprotonated 246 
upon the adsorption of surfactants at the charged interface. As a result, deprotonated fatty acids give rise 247 
to mobility values close to those with SAS at the same carbon number.  248 
The dotted, solid, and dashed lines in Fig. 4 (a) are theoretical curves calculated by the method 249 
described above for the number of carbon atoms N = 8, 10, and 12, respectively. In the calculation, we 250 
assume that the charge density of hematite 0 is 20 mC/m2 at pH 4 in 10 mM NaCl solution to obtain 251 
the good agreement between theory and experiment at low surfactant concentration, and the 252 
chemical/intrinsic adsorption energy per a carbon atom   is 0.8 kBT for the agreement between 253 
theoretical isoelectric points and experimental ones. The magnitude of mobility calculated with the 254 
Ohshima equation is 10-30% smaller than that by the Henry equation when the magnitude of the 255 
mobility exceeds 3 mcm/(Vs) at low and high surfactant concentrations. The difference in mobility is 256 
due to the effect of double layer relaxation which is taken into account by the Ohshima equation used 257 
in this study. While the theoretical model in this study is quite simple, the model reasonably describes 258 
the experimental behavior of the mobility. Somasundaran et al. [6] showed that   = 0.97 kBT for the 259 
adsorption of alkyl-ammonium on quartz sand. Liang and Morgan [6] suggested that   = 1.2 kBT for 260 
the fatty acids on the surface of hematite. Both of the groups obtained the value of  from the dependence 261 
of the isoelectric point on N and claimed that the value of   agrees with the hydrophobic energy from 262 
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studies on micelle formation.  Israelachvili [1] listed 0.68 kBT (1.7 kJ/mol) for the transfer energy of the 263 
SAS from water into micelle per -CH2- unit. Compared to these values deduced from the previous studies, 264 
we consider that the assumed value   = 0.8 kBT in this study is reasonable. The consistency on the 265 
energy suggests that the interaction between hydrophobic chains is crucial in surfactant adsorption on 266 
the water-hematite interface. We can demonstrate, as a first approximation, that the simple theoretical 267 
model captures the dependence of the electrophoretic mobility on the surfactant concentration. If we 268 
look closely the data around the isoelectric point, the mobility changes rapider than theoretical 269 
predictions. This is probably related to the self-assembly of surfactants on the surface [3, 37], because 270 
such a cooperative effect is not explicitly included in the model used here. Also, the charge adjustment 271 
is neglected in the present model. Focusing on such effects, we need to improve the theoretical model 272 
in future studies.  273 
   274 
4.3. Stability ratio of hematite in the presence of anionic surfactants 275 
The experimental and theoretical values of stability ratio W of the hematite are plotted in Fig. 4 (b, 276 
c). The symbols and the lines have the same meaning as in Fig. 4 (a). The theoretical curves are drawn 277 
by Eq. (23) with the parameters describing the electrophoretic mobility as discussed above. The stability 278 
ratio is close to that without surfactants at low surfactant concentration. With increasing the surfactant 279 
concentration, the stability ratio W gradually declines, reaches the minimum value of unity, and sharply 280 
increases; there exist a slow aggregation regime at low surfactant concentrations, a fast aggregation 281 
regime around the optimum aggregation concentration, and a slow aggregation regime at higher 282 
surfactant concentrations. The minimum of the stability ratio emerges around the optimum aggregation 283 
concentrations, which are close to the isoelectric points shown in Fig. 4 (a). That is, charge neutralization 284 
is a dominant mechanism for the aggregation by oppositely charged surfactants. These trends are 285 
observable at 1 and 100 mM and at pH 5 and 6 (Figs. S2 and S3 in Supplementary). 286 
The optimum aggregation concentration decreases with increasing the number of carbons N of the 287 
surfactant, because surfactants with larger N are effectively adsorbed by the hydrophobic interaction as 288 
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discussed in the previous section. The shift of the optimum aggregation concentration to lower surfactant 289 
concentrations was reported by several researchers [6-9]. This study was able to reproduce the lowering 290 
of the optimum aggregation concentration with increasing N.  291 
The minimum values of W at the optimum aggregation concentration are unity irrespective of N, 292 
meaning that the fastest aggregation rate with the surfactants is identical to the fast aggregation rate 293 
induced by the charge-screening with sufficiently higher concentrations of NaCl without surfactants. 294 
The present data do not clearly show the dependence of the minimum value of W on N. This result is the 295 
same as in the study by Watanabe [7]. In contrast, Liang and Morgan [6] showed that the minimum 296 
stability ratio increased with N, and the minimum W was larger than unity. Behrens and Borkovec [8] 297 
speculated that there is an additional stabilization mechanism through steric repulsion in the system 298 
studied by Liang and Morgan. It is shown that the steric repulsion by non-ionic surfactants works as a 299 
stabilization mechanism at the minimum stability ratio from the fact that the fastest rate is slower than 300 
the fastest rate induced by salt [8, 38]. The hydrophilic part of non-ionic surfactants may not be strongly 301 
attracted to the solid-water interface, but may be extended to the water phase. The existence of the layer 302 
of protruding hydrophilic chains is deduced from the shift of slipping plane detected from the reduction 303 
of electrophoretic mobility with non-ionic surfactants [2, 39]. In this case, the layer of protruding 304 
hydrophilic chains can induce steric repulsion.  On the one hand, charged groups of ionic surfactants are 305 
expected to be attached on the surface. Thus, in the present study, we could not observe strong steric 306 
repulsion due to the lack of thick adsorbed layers.  307 
Additives like polymers and surfactants give rise to additional non-DLVO attractive forces in some 308 
cases [1,12,14,16]. From the measurements of the shear yield stress of zirconia suspension with 309 
surfactants, Leong et al. [12] demonstrated that the hydrophobic attraction lead to the increase in the 310 
yield stress six times.  However, the minimum W of the present study is unity, and thus the additional 311 
attraction does not appear. This is because the yield stress reflects rupturing force, while the stability 312 
ratio reflects the approaching process. Studies on the stability ratio in the presence of ionic-surfactant in 313 
well-defined systems are scarce, and thus we will need detailed studies clarifying the quantitative effect 314 
of additional forces in surfactant induced aggregation-dispersion.  315 
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The theoretical model based on the DLVO theory qualitatively describes the behavior of W. With 316 
increasing the concentration of surfactant, the theoretical W sharply decreases, make a flat bottom at 317 
W=1 through the charge neutralization, and again sharply increases by the charge reversal. While the 318 
theoretical relationships of W vs. surfactant concentration Cs are almost symmetrical below and beyond 319 
the minimum bottom, the experimental ones are asymmetrical. The magnitude of experimental slopes 320 
dlogW/dlogCs at higher Cs is larger than that of lower Cs. The theoretical slopes dlogW/dlogCs are rather 321 
close to those at higher Cs. Similar trends were reported for the stability ratio of colloidal particles in the 322 
presence of oppositely charged polyelectrolytes [16, 17, 40, 41].  At lower Cs, the surface is partially 323 
covered with oppositely charged surfactants and probably shows heterogeneous charge-patch structure. 324 
By which, an additional attractive force could develop and destabilize the hematite suspension. Also, 325 
Hiemstra and Van Riemsdijk [42] suggested that the surface of bare hematite at low pH has different 326 
crystalline faces producing surface heterogeneity. On the one hand, at higher Cs, the surface is fully 327 
covered with surfactants and thus is homogeneously charged. This situation would be rather ideal as 328 
assumed in the theory. As a consequence, the slope dlogW/dlogCs becomes close to the theoretical one. 329 
It should be noted that a narrower range of the minimum W for fatty acids is found compared to those 330 
for the theory and SAS, while the electrophoretic mobility does not clearly show the systematic 331 
difference between fatty acids and SAS at each N. This fact indicates that the suspension with fatty acids 332 
is more stable through additional repulsive forces or the prevention of a closer approach between the 333 
surfaces. The additional repulsive force is not so strong that it appears at the optimum aggregation 334 
concentration. Nevertheless, to explain the difference in the range of the minimum W between fatty 335 
acids and SAS, we should assume a kind of electro-steric additional force in the slow aggregation regime. 336 
At this moment, the expression of the electro-steric effect is unclear, but it may be related to the self-337 
assembled structures of adsorbed surfactants.    338 
5. Conclusions 339 
The charging and aggregation of hematite particles in the presence of anionic surfactants were 340 
investigated. The effect of types of charged groups, surfactant dosage, and surfactant chain length was 341 
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examined. At pH 4, the electrophoretic mobility of bare hematite was positive. With increasing the 342 
surfactant dosage, the electrophoretic mobility went down to zero and became negative. The required 343 
surfactant concentration reaching the isoelectric point decreased as the chain length of surfactant 344 
increased. The stability ratios (W) showed the minimum around the isoelectric point, indicating that the 345 
destabilization is induced by charge neutralization due to the adsorption of oppositely surfactants onto 346 
the hematite. The values of minimum stability were almost unity (W=1) irrespective of the chain length; 347 
the fastest aggregation rate with surfactants equals the salt-induced fast rate. Therefore, in the case with 348 
ionic-surfactant, additional non-DLVO interactions like charge-patch attraction and steric hindrance do 349 
not significantly work around isoelectric point. This finding differs from the previous result (W >1) [6]. 350 
In the slow aggregation regime, however, our detailed comparison of theoretical model and experimental 351 
stability ratios with different surfactants for the identical particles demonstrated that there would be non-352 
DLVO forces in the presence of surfactants: charge patch attraction at low surfactant dosage and steric-353 
like repulsion for fatty acids.  354 
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 470 
Figure captions 471 
Fig. 1 Transmission electron microscope (TEM) picture of used hematite particles.  472 
Fig. 2 Electrophoretic mobility of bare hematite as a function of pH at different NaCl 473 
concentrations. 25 mg/L hematite concentration.  474 
Fig. 3 Stability ratio (W) of bare hematite as a function of NaCl concentration at different pH. 475 
25 mg/L hematite. 476 
Fig. 4 (a) Electrophoretic mobility and (b, c) stability ratio (W) of hematite as a function of 477 
surfactant concentration for 6 different surfactants. pH 4, 25 mg/L hematite and 10 mM NaCl. 478 
The behaviors are insensitive to pH. The dotted, solid, and dashed lines are theoretical curves 479 
calculated for the number of carbon atoms N = 8, 10, and 12, respectively. 480 
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Fig. 2 Electrophoretic mobility of bare hematite as a function of pH at different NaCl 
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 Fig. S1 Electrophoretic mobility of hematite at different hematite (Hm) concentrations (2.5, 
25, and 250 mg/L at pH 4 in 10 mM NaCl. Data are plotted against (a) SDS concentration and 
(b) normalized SDS/Hm concertation ratio. This figure indicates reversible adsorption of SDS 
to hematite. 
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 Fig. S2 (a) Stability ratio (W) and (b) electrophoretic mobility of hematite as a function of 
SDS concentration at different NaCl concentrations (1, 10, and 100 mM). 25 mg/L hematite 
concentration and pH 4. The optimum aggregation concentration and isoelectric point are 
insensitive to NaCl concentration.  
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 Fig. S3 (a, c) Stability ratio (W) and (b, d) electrophoretic mobility of hematite as a function 
of (a, b) SDS or (c, d) C12 concentration at different pH. 25 mg/L hematite and 10 mM NaCl. 
The behaviors are insensitive to pH.  
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